Manganese is an important strategic metal. The main consumer of manganese is iron and steel industry. Due to its importance in steel manufacturing, manganese has the first position among ferroalloys. The world output of manganese ferroalloys is around 1% of the total steel output. After the USSR collapsed, Russia has been left without manganese ore reserves. At present, Russia uses an imported ore to smelt only high-carbon ferromanganese and iron-silicon-manganese alloy in limited quantity. Mineral reserves of manganese ores in Russia is quite large: manganese ore reserves averages 230,000 metric tons (around 2% of the world reserves) and estimated resources -more than one billion tons. The quality of the Russian ores is lower than the one from the other main producing countries. The average content of manganese in the Russian ores fluctuates from 9 to 23%. Domestic ores contain high quantity of harmful impurities, first of all phosphorus (0.2-0.8%). The mineral reserves of manganese ores in Russia is based on carbonate ores with a share of over 77%. A problem to advance the establishment of domestic manganese mining base is an extremely important issue from the perspective of economic security. A string of questions ought to be addressed concerning the concentration of lean manganese ores, development of effective technologies to smelt manganese ferroalloys from the concentrates obtained after the concentration and creation of improved techniques to dephosphorize manganese concentrates. While producing manganese ferroalloys from ore to finished alloy, about 50% of the manganese extracted from strata is wasted in the form of by-products such as concentration sludges, slags, residue of small fractions of raw materials and finished products, sludges of smelting processes and dusts. In case of the by-products processing and following usage, it would be possible not only to reduce consumption of raw materials but also to increase manufacturing effectiveness and to minimize environmental impact.
Introduction
Manganese is an important strategic metal. The main consumer of manganese is iron and steel industry. By its importance for steel manufacturing, manganese has the first NIOKR-2018 position among ferroalloys. Over 90% of manganese is used at steel smelting as a deoxidizing, desulfurizing and alloying agent. In average, 9-10 kg of manganese is utilized to produce a ton of steel [1] . As an alloying element, manganese is contained in many types of steel: 0.4-0.8% of Mn in unalloyed steels, 12-30% of Mn in high-alloyed steels (heatproof, heat-resistant, stainless, non-magnetic, Hatfield steels), 4-17% of Mn in austenitic iron. Basically, not a single type of steel is smelted without manganese.
In metallurgical industry manganese is used in the form of ferroalloys: high-carbon ferromanganese, iron-silicon-manganese alloy, medium-and low-carbon ferromanganese (refined ferromanganese) and metallic manganese. Ferroalloys containing hardreducible elements were firstly produced only by the crucible method [2] . In the early ninetieth century, the crucible method was also used to produce medium-and lowcarbon ferroalloys and low-carbon ferromanganese above all. The main problems of the crucible manufacturing were high costs and low performance. For that reason, highcarbon ferromanganese was produced exceptionally with use of blast-furnaces since 1880s. In the twentieth century, when electric power became cheaper, manganese ferroalloys were started to be smelted mainly in electric furnaces -ore-thermal and refining ones.
The production of manganese ferroalloys strongly depend on the production of steel -the output of steel increases simultaneously with the output of manganese ferroalloys.
The world output of manganese ferroalloys is around 1% of the total steel output.
Nikopolskoe (Ukraine), Chiaturskoe (Georgia) and Dzhezdinskoe (Kazakhstan) fields formed the basis of the manganese ore industry in USSR. Annually, 20 million tons of raw ore were mined at these fields; the average content of manganese in the ore was 20%. The ore gave up to 2 million tons of manganese ferroalloys smelted mainly at Nikopolsky (Ukraine), Zaporozhsky (Ukraine), Zestafonsky (Georgia) and Aksussky (Kazakhstan) ferroalloy factories. When the USSR has collapsed, Russia has lost manganese ore reserves. At present, Russia uses imported ore to smelt high-carbon ferromanganese (Kosaya Gora Iron Works, Satkinsky Iron Smelting Plant and Chelyabinsk Electrometallurgical Plant) and iron-silicon-manganese alloy (Chelyabinsk Electrometallurgical Plant) in limited quantity [3, 4] .
Mineral reserves of manganese ores in Russia is quite large: manganese ore reserves averages 230 million tons (around 2% of the world reserves) and estimated resourcesmore than one billion tons (Table 1) [5] .
The quality of the Russian ores is lower than the one for the other main producing countries. The average content of manganese in the foreign ores fluctuates from 40 to 45%, while in the Russian ones -9 to 23%, with an exception for a single field with a DOI 10.18502/kms.v5i1.3952
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KnE Materials Science NIOKR-2018 value of 31%. At the same time, the domestic ores contain high quantity of harmful impurities, first of all phosphorus (0.2-0.8%), and then iron and silica. The mineral reserves of manganese ores localized in Russia are huge; the quantity of only P 1 resources is commensurable with the total reserves. However, the content of manganese in the estimated resources, as well as in the total reserves, is modest and varies in the range of 9-20% ( Figure 1 ). In Russia, manganese ores are mined sporadically ( Africa and Kazakhstan, and also from Gabon, Brazil and Bulgaria. In the period of time from 2013 to 2016, the total cost of imported manganese ores to Russia was 562 million USD [6] . The structure of the import during those years is shown in the Table 3 . The annual output of high-carbon ferromanganese in Russia tends to increase -from 46.5 metric tons in 1997 (25% of the consumption rate) to 180.6 metric tons in 2013
(approximately equals to the consumption rate) [4] . In general, the consumption of high- In the past decades, it is clear that the consumption of high-carbon ferromanganese tends to decrease and iron-silicon-manganese alloy, refined ferromanganese and metallic manganese -tends to increase. The consumption of iron-silicon-manganese alloy (50-60 of the consumption rate) is balanced by the import from Ukraine (up to 175 thousands of tons) and Kazakhstan (up to 162 thousands of tons). Overall, the import rate reaches 245 thousands of tons./year [4] . Primarily, Russia imports metallic manganese, low-carbon and medium-carbon ferromanganese from Ukraine and electrolytic manganese -from China. The demands of Russian metallurgical enterprises for metallic manganese reached 60 thousands of tons in 2011 [7] .
A problem to advance the establishment of domestic manganese mining base is an extremely important issue from the perspective of economic security. So far, despite the fact that manganese belongs to the group of natural resources with a strategic meaning, Russia has to import good-quality manganese ore, manganese ferroalloys, metallic manganese, manganese dioxide and potassium permanganate. It is necessary not only to increase the melting output of high-carbon ferromanganese and iron-manganesesilicon alloy, including by involving domestic manganese ores in the production, but also to organize manufacturing of refined ferromanganese and metallic manganese in Russia. The situation with import-dependence of the Russian metallurgy on manganese products remains tense. Main directions to solve this problem are:
• involving domestic manganese ores in industrial production;
• development of effective technologies for dephosphorization of manganesecontaining products;
• involving man-made wastes of ferroalloy production such as concentration sludges, furnace slag and gas purification dusts in recycling.
The simplest solution of how to involve domestic manganese ores in the production is additional charging of imported rich low-phosphorus ores with the domestic ones while smelting ferroalloys since the domestic ores are lean and with high-phosphorus content. Nevertheless, strategically and economically, it is essential to develop effective manufacturing schemes which allow smelting standard manganese ferroalloys with use NIOKR-2018 of domestic ores only. Investigations to create the technological schemes of manganese resources development in Russia are ongoing.
Among the explored domestic manganese deposits, the Usinskoe field is the most perspective. The ores of the field have a relatively low content of manganese (15-25%) and high content of phosphorus (0.2-0.3%). A perspective technological scheme is developed to concentrate the ores of Usinskoe with use of X-ray radiometric separation (XRRS) [8] . This scheme allows obtaining concentrates with a composition detailed in the Table 4 . A technological scheme is suggested to produce all range of manganese ferroalloys from the concentrates obtained by dressing of manganese ores of Usinskoe with use of X-ray radiometric separation ( Figure 6 ) [9, 10] .
Domestic manganese ores, as it was mentioned above, contain a high level of phosphorus, 0.2-0.8%. The key indicator for manganese ores and concentrates is a phosphorus module ( P / Mn ) , which must be ≤0.003. To smelt standard manganese ferroalloys with a defined content of phosphorus, manganese-containing materials have to be dephosphorized.
There are plenty approaches to dephosphorize manganese-containing products:
hydrometallurgical, chemical and pyrometallurgical [11, 12] . Among the hydrometallurgical ones, the most well-developed and well-established are soda [12] and hausmannite [13] methods.
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Figure 6: A technological scheme for smelting manganese ferroalloys from the ores of the Usinskoe field.
The soda method is based on roasting of manganese-containing materials with sodium carbonate followed by leaching of phosphorus and, partially, silica. In this way, it is possible to improve the quality of manganese concentrates by content of phosphorus and silica; however, the method can be used for marketable concentrates only since the content of manganese during the processing remains almost at the same level.
The point of the hausmannite method is that hausmannite Mn 3 O 4 obtained after roasting of manganese concentrate has low solubility in diluted acids. The method is designed for application to dephosphorization of carbonate manganese ores. The disadvantage of the hausmannite method is that the nitric solutions formed at leaching of roasted concentrates have to be neutralized in some way, and this issue remains unresolved.
Among all chemical approaches, a dithionate method has passed industrial tests [14] .
The point of the method is that leaching of manganese is carried out by using Sulphur dioxide SO 2 in the medium of calcium dithionate CaS 2 O 6 . The main advantage of the method is that the method makes it possible to dephosphorize marketable ores along with products with low content of manganese such as low-grade ores, dump sludges from ore gravity concentration, slags and other substandard materials. The resulting concentrate contains 55-62% of Mn, 0.010-0.017% of P, 1-2% of Fe, 1.5-2.5% of SiO 2 , 6-8% of CaO and 2-4% of S. The extraction rate of manganese equals to 90-95%. A high content of sulfur in the concentrate is not an obstacle to smelt high-grade manganese ferroalloys due to the fact that sulfur is limitedly soluble in manganese and its alloys [15] . The dithionate method is the only method which allows obtaining high-grade concentrates rich in manganese from low-grade high-phosphorus products.
At the Marganets ore mining and processing enterprise (Marganets, Ukraine) an experimental-industrial complex has been built for dressing and dephosphorizing dump sludges with use of the dithionate method with a performance of 25 metric tons of concentrate per year. The complex was launched in 1986. The concentrate produced at the complex was successfully used to smelt manganese ferroalloys in industrial environments [16] .
Since 1950s, another method of dephosphorization was adopted and implemented in industrial scale -the electrometallurgical method [17] . The idea of the method is to selectively reduce phosphorus and iron from melted manganese ores and concentrates by direct carbon reduction and to transfer them to a minor associated metal. To do this, manganese ores and concentrates are melted in a furnace with a limited addition of coke precisely calculated for reduction of phosphorus and iron. Although the quantity of carbon in a charge is limited, a partial reduction of manganese occurs despite the fact that manganese has a greater affinity for oxygen than phosphorus and iron. Losses of manganese contained in the starting charge with a minor associated metal reach up to 15-20%, which is a significant disadvantage of the described method.
The methods described above do not solve the problem of dephosphorization of manganese-containing products. The development of effective techniques to dephosphorize manganese-containing products remains a matter of primary importance, first of all, because of the issue of involving domestic manganese ores with a high content of phosphorus in manufacturing.
There are ongoing researches on developing a new way to dephosphorize manganese-containing products, where phosphorus in oxide melt is reduced by gaseous carbon monoxide [18] . To dephosphorize melts of manganese ores and concentrates, this method proposes that phosphorus in oxide melt is reduced not by solid carbon but by gaseous carbon monoxide (CO) blown through the manganesecontaining oxide melt. The reduced gaseous phosphorus P 2 is released with waste gases.
As a result of blowing of carbon monoxide through the manganese-containing oxide melt, a dephosphorized product is obtained. If the starting manganese ore or concentrate contains 0.2-0.3% of P, then the resulting product will contain 0.01-0.03% of P [19] . The value of phosphorus module ( P / Mn ) decreases 5-10 times in comparison NIOKR-2018 with the starting product; the degree of dephosphorization equals to 80-90%. The method of dephosphorization of manganese-containing products by carbon monoxide, in comparison with the method where sold carbon is used, not only eliminates losses of manganese with a minor associated metal but also optimizes the process of manganese ferroalloys smelting.
While producing manganese ferroalloys from ore to finished alloy, about 50% of the manganese extracted from strata is wasted in the form of by-products such as concentration sludges, slags, residue of small fractions of raw materials and finished products, sludges of smelting processes and dusts. In case of the by-products processing and following usage, it would be possible not only to reduce consuming of raw materials but also to increase manufacturing effectiveness and to minimize environmental impact. As a consequence, it will reduce both the expenses of enterprises on emission fees and recycling of wastes and government expenses related to environmental measures [20] .
The involvement of manufacturing wastes in technological processes of ferroalloy production will lower the metallurgical value of ore component of the charge. Therefore, the rational application of the described approach has to be based on a reliable metallurgical evaluation of the utilized ore and man-made materials and resulting charge. The main principles to work with man-made wastes have to be:
• maximum trapping and collecting man-made wastes (sludges, slags and dusts);
• obtaining reliable information about the physical-chemical characteristics of the wastes such as chemical and fraction composition, moisture content, etc.;
• determining a rational way to involve each technological material in the production.
Additional extraction of manganese from man-made wastes and enhancement of technological processes of manganese ferroalloys smelting are the way to rise the throughout extraction of manganese [21, 22] . With dump sludges of manganese ore concentration processes up to 20% of manganese contained in ore is wasted. For example, at the Nikolskoe field concentration sludges are dumped into ravines creating "sludge ponds". Nowadays, these ponds contain more than 100 billion tons of sludges containing at least 10,000 metric tons of manganese. Recent dump sludges contain 10-14% of Mn and old "ponds" -17-20%. The most perspective idea for extraction of manganese from sludges is to use the dithionate method of concentration and dephosphorization of manganese-containing products [14] .
At smelting of refined ferromanganese and metallic manganese a significant quantity of manganese is wasted with dump sludges. The extraction rate of manganese in these KnE Materials Science NIOKR-2018 processes does not exceed 65-70%. One of the possible ways to extract manganese from slag may be a process of manganese reduction through interaction of the slag with a metallic melt containing elements with a great affinity for oxygen. In the capacity of metallic melt to carry out such a process, cast iron can be considered as it contains carbon having a greater affinity for oxygen than manganese. A method of alloying cast iron by manganese contained in the slag of smelting processes of refined ferromanganese and metallic manganese has been developed [23] . The point of the method is that cast iron is poured from a blast-furnace into a ladle, the bottom of which is covered by a dump slag reasoning from the needed content of manganese in cast iron. In doing so, additional manganese-containing materials for a charge are not required. The conducted researches have shown that up to 75% of manganese contained in the slag is reduced by cast iron [24] .
As a new type of manganese raw materials, concretions may be considered [25] . In to 2%. The dithionate method is considered as the most rational method for dressing concretions [14] . Using the method, it will be possible to obtain a high-grade concentrate with a high content of (55-62%) and low content of phosphorus (0.010-0.017%).
As it was described above, by using the dithionate method, it is possible to obtain high-grade concentrates from low-grade and substandard manganese-containing products such as concretions, lean ores, dump sludges and others. Having this kind of concentrate allows producing all range of standard manganese ferroalloys from the domestic manganese ores.
According to the current technology, high-carbon ferromanganese is produced by using carbothermal process [1] . To smelt this alloy from the domestic concentrates poor in manganese and rich in phosphorus, the issue of producing alloys with standard phosphorus content can be resolved by additional charging of ordinary concentrates with the "dithionate" ones. It will allow smelting high-carbon ferromanganese with use of an effective flux-free method in obtaining the standard alloy and low-phosphorus intermediate slag.
According to the current technology, the iron-silicon-manganese alloy is produced with use of the carbothermal process [26] . To smelt this alloy from the domestic concentrates poor in manganese and rich in phosphorus, the issue of producing alloys with standard phosphorus content can be resolved by additional charging of ordinary concentrates with the intermediate slag from flux-free smelting of high-carbon ferromanganese.
According to the current technology, refined ferromanganese and metallic manganese are smelted using silicothermal method (period process) [26] . These alloys can be smelted from the charge the ore part of which consists of the intermediate slag from
flux-free smelting of high-carbon ferromanganese or the dithionate concentrate, or their mixture.
